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ABSTRACT

Environmental stress and food preservation methods (e.g.. heating, chilling, acidity, and alkalinity) are known to induce
adaptive responses within the bacterial cell. Microorganisms that survive a given stress often gain resistance to that stress or
other stresses via cross-protection. The physiological state of a bacterium is an important consideration when studying its
response to food preservation techniques. This article reviews the various definitions of injury and stress, sublethal injury of
bacteria, stresses that cause this injury, stress adaptation, cellular repair and response mechanisms, the role of reactive oxygen
species in bacterial injury and resuscitation, and the potential for cross-protection and enhanced virulence as a result of various

stress conditions.

DEFINITION OF INJURY

Bacterial injury may be defined simply as the effect of
one or more sublethal treatment on a microorganism (74).
By extension, sublethal injury is a consequence of exposure
to a chemical or physical process that damages but does
not kill a microorganism (73, 175). Yousef and Courtney
(218) include damage to cellular components in their de-
scription of injury, and Gilbert (57) wrote, “Sublethal in-
jury of microorganisms implies damage to structures within
the cells, the expression of which entails some loss of cell
function that may be transient or permanent.”” Most inter-
vention strategies used for the control of pathogenic and
spoilage microorganisms frequently produce a continuum
of sublethal effects, and a considerable proportion of mi-
croorganisms in foods likely incur some degree of sublethal
injury during food processing (80, 138, 222).

DEFINITION OF STRESS

The term stress has been used to describe the effect of
sublethal treatments. However, Hurst (74) considers injury
to be the preferred term because, by analogy with higher
organisms, its description evokes an image of “‘temporary
and repairable physical damage.” By similar analogy, the
term stress carries a more subtle meaning, not necessarily
causing physical damage but altering organism behavior.
Current literature pertaining to microbial injury typically
does not maintain this distinction, and the terms are often
used interchangeably. The term stress, however, is univer-
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sally used in reference to the agents or treatments causing
injury. Although there is a tendency to perceive food ma-
trices as metabolically supportive environments, food is fre-
quently bacteriostatic or bactericidal due to intrinsic factors
such as water activity (a,), pH, oxidation-reduction poten-
tial, competitive exclusion by protective cultures, and other
environmental and processing stresses (8) (Tables 1 and 2).
Other types of stress encountered in food environments may
include exposure to acids, bases, bioactive antimicrobial
peptides, oxidants, osmotic pressure differences, starvation,
heating, freezing, thawing, and the presence of other innate
and supplemented antimicrobial compounds (/36). Some
emerging technologies (e.g., high hydrostatic pressure)
cause sublethal injury, although some have argued that oth-
er technologies (e.g., pulsed electric field) do not induce
injury (215, 218). Bacterial stresses, which generally fit into
three categories—physical, chemical, or nutritional—can
occur throughout the farm-to-fork continuum and lead to
different types of bacterial cell damage.

Storz and Hengge-Aronis (/93) describe stress as any
departure from optimal conditions with the potential to de-
crease bacterial growth. Situations that induce the expres-
sion of genes that respond to specific environmental con-
ditions may also define a stressful situation and subsequent-
ly prove important in inducing bacterial stress responses
during host-pathogen interactions.

Given that the perception of bacterial stress is coordi-
nately linked to characteristics of the individual cell, merg-
ing the previous definitions of stress into one universal def-
inition is difficult. A working definition of bacterial stress
from a food microbiology perspective is typically taken to
be a physical, chemical, or nutritional condition insuffi-
ciently severe to kill, resulting in sublethally injured mi-
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TABLE 1. Physical and chemical treatments (stresses) able to
reversibly injure microorganisms
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TABLE 2. Microorganisms known to experience reversible injury
from sublethal stresses important in food systems

Treatment Reference(s)
Physical

Drying, including air, vacuum, and freeze-

drying 167, 168
Heat, particularly sublethal heating processes 167, 168, 215
High hydrostatic pressure 168, 215
Low temperatures, including both refrigera-

tion and freezing 167, 168

Pulsed white light 215

Radiation: gamma, UV, and X ray 167, 168
Solids: concentrations of sugars, salts 167, 168
Chemical
Chemical sanitizers: chlorine, iodine, quater-
nary ammonium compounds 167, 168

Oxidative treatments, including ozone,
H,0,, lactoperoxidase system 197

pH: alkali and acids (organic and inorganic) /67, 168
Preservatives: sorbate, benzoate, nitrate, bac-
teriocins, etc. 167, 168

crobes (73, 142). These conditions can be processing treat-
ments, but they may also include environmental conditions,
such as limited nutrients in water.

DEGREES OF BACTERIAL INJURY, CELLULAR
ADAPTATION, AND RESUSCITATION

It has also been postulated that there are different levels
of stress, which progress in severity from minor to mod-
erate, severe, extreme, and eventually lethal (793). With
minor stress, bacterial cells adapt completely to the changed
conditions, and growth rate is not affected. Low levels of
stress may cause a transient adaptation (adaptive response)
accompanied by a temporary physiological change that of-
ten results in increased stress tolerance (278). Lethal stress,
however, can cause the death of some, but not necessarily
all, bacterial cells. When lethality is experienced by only a
fraction of the population, accompanying gene responses
and adaptive mutations may actually improve survival of
the overall population (8, 193). Moderate stress may result
in a continuum of injury, ranging from mild to severe, in-
cluding healthy and dead cells (74, 75, 114, 191). The re-
lationship between the different levels of stress and degrees
of injury and the ability of cells to adapt under these con-
ditions is not well defined. For all practical purposes, sub-
lethal injury includes any injury short of death with the
organism frequently undergoing some type of stress adap-
tation.

The expression of sublethal injury can be manifested
in several ways in the laboratory (73). Metabolic injury has
been described as the inability of bacterial cells to grow on
defined minimal media (57). This inability to multiply is
often temporary, after which resuscitation will occur (74).
Structural injury is viewed as the inability of bacteria to
proliferate or survive in media containing selective agents
(e.g., bile salts, tellurite, sodium desoxycholate, bismuth
sulfite, oxgall, sodium azide, sodium chloride, crystal vio-

Primary importance

Microorganism in food Reference(s)

Escherichia coli Indicator, pathogenic 167, 168

Enterobacter aerogenes Indicator 167, 168
E. sakazakii Pathogenic 66
Klebsiella spp. Indicator, pathogenic 167, 168
Enterococcus faecalis Indicator 167, 168
Salmonella Pathogenic 167, 168
Listeria monocytogenes Pathogenic 168, 217
Shigella Pathogenic 167, 168
Vibrio parahaemolyticus Pathogenic 167, 168
Yersinia enterocolitica Pathogenic 167, 168
Campylobacter jejuni Pathogenic 167, 168
Staphylococcus aureus Pathogenic 167, 168
Clostridium perfringens Pathogenic 167, 168
C. botulinum Pathogenic 168
Pseudomonas spp. Spoilage 167, 168
Bacillus spp. Spoilage, pathogenic 167, 168
Lactococcus lactis Bioprocessing 168
(fermentation)
Lactobacillus bulgaricus Bioprocessing
(fermentation)
L. acidophilus Dietary adjunct
(probiotic)
Saccharomyces cerevisiae Bioprocessing 167
(fermentation)
Candida spp. Spoilage 167
Aspergillus flavus Spoilage 167

let, brilliant green, selective antibiotics, tergitol, or other
surfactants), with no obvious inhibitory effects on un-
stressed cells (57, 73, 74, 168, 179). Depending on other
conditions (e.g., enrichment, incubation conditions), the in-
ability of cells to form colonies on selective media may
also be temporary, which would once again indicate that
metabolic repair from injury can occur if provided suffi-
cient recovery time under appropriate environmental con-
ditions.

Some authors consider metabolic and structural injury
to be varying degrees of the same type of injury (74, 88).
Metabolic and structural injury are manifested by the loss
of characteristic growth capabilities and the inability to
form visible colonies under selective conditions under
which uninjured cells are able to form colonies (27, 73).
However, it seems that while injured cells typically suffer
structural damage, such as might affect cell wall or mem-
brane permeability, metabolic injury includes damage more
extensive to various functional components of the cell (23).
Consequently, the growth or no growth response on selec-
tive media is the traditional means of assessing sublethal
injury (23, 33, 57, 74, 179). The difference in plate counts
between selective and nonselective media is used to quan-
tify sublethal injury as a proportion or percentage of the
entire population (15, 23, 39, 88, 170, 179).

Incubation temperature has also proven crucial in cel-
lular repair, resuscitation, and colony development by food-
borne pathogens. Lucht et al. (111) reported that incubating
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TABLE 3. Optimal resuscitation temperatures for recovering
gamma-irradiated—injured bacteria (adapted from Lucht et al.
(111))

Radiation  Optimal recovery

Bacterium exposure (kGy) temp (°C)
Escherichia coli 11775 1.6 15-22
E. coli O157:H7 0.2-0.6 5-18
Salmonella Typhimurium 0.5-1.5 22
Yersinia enterocolitica 0.6 14
Listeria monocytogenes Scott A 0.32-0.85 5-37
L. monocytogenes 81-861 0.6 37
L. innocua 0.55 37
L. ivanovii 0.55 37
Pseudomonas fluorescens 0.15 22
Staphylococcus aureus 0.6 2
Bacillus subtilis 0.48 18
Aeromonas hydrophila 0.18 22
Brochothrix thermosphacta 0.48 18

radiation-treated bacteria at suboptimal temperatures was
more effective in recovering injured cells than was incu-
bating at the optimal growth temperature (Table 3). This is
similar to earlier findings regarding the resuscitation of ir-
radiated- and heat-injured bacteria (7, 159, 188). Incubation
of injured bacteria at suboptimal growth temperatures re-
portedly suppresses cell division while permitting metabolic
repair processes to continue, presumably reversing the ef-
fects of sublethal injury prior to replication. Bacterial repair
and resuscitation are dealt with more extensively in a latter
section of this article.

SOURCES OF BACTERIAL STRESS

Acid and alkaline stress. Acute acid shock or gradual
acid stress can occur in low pH conditions when H~ ions
cross the bacterial cell membrane and create an acidic in-
tracellular pH. Likewise, undissociated organic acids can
diffuse across the bacterial cell membrane and lower the
internal pH on dissociation (2, 57). While acid injury is
thought to be the result of an easily alterable pH equilib-
rium shift, reversing the process is more complex than is
simple neutralization of the acidic conditions (/60).

Acid stress can occur during the fermentation of foods
or by the addition of preservatives such as organic acids
(2, 184). Current recommendations for the use of acid
washes to decontaminate beef carcasses include 1 to 2.5%
lactic acid (56). Dickson and Siragusa (40) found that
washing beef tissue with 1% lactic or acetic acid sublethally
injured Salmonella Typhimurium on carcasses.

Likewise, alkaline stress can occur under increased pH
conditions. Many detergents and chemical sanitizers, such
as caustic soda (NaOH) and ammonium compounds, are
used to clean food processing facilities and food contact
surfaces (/96).

Starvation stress. Starvation stress can occur on ani-
mal carcasses, in food, on equipment surfaces, walls, floors,
and in water (39, 109). Dickson and Frank (39) defined
starvation stress as the survival of bacteria in oligotrophic
environments, which are environs with adequate oxygen

BACTERIAL STRESS AND INJURY: A REVIEW 1123

concentrations but low or no available nutrients to support
biochemical metabolic activities and multiplication. Natural
environments typically have growth-limiting levels of nu-
trients and rapidly changing nutrient availability (59, 69).
Bacteria are present in different physiological states during
the lag phase, exponential growth, slow growth, the sta-
tionary phase, and death. Cryptic growth, the phenomenon
that occurs when dead organisms provide nutrients for the
multiplication of survivors (/58), may also contribute to the
survival of populations well after growth has ceased.

Cold stress. Salmonella can reportedly survive during
cold storage at 5°C for up to 8 months (36, 81). This is
likely due to cold shock and subsequent adaptation. The
cold shock phenomenon occurs when growing bacteria are
exposed to a sudden temperature drop of at least 10°C, lead-
ing to cold shock in susceptible microorganisms (84, 713).
The associated cold shock response is divided into stages
of initial cessation of growth, resumption of growth after
an adaptive period, and changes in protein synthesis (/36).
Microorganisms inhabiting foods that must be refrigerated
for pre- and/or postprocessing storage are subject to cold
shock. Additionally, injury due to cold shock may occur if
serial dilutions of microorganisms are held in the refriger-
ator when laboratory tests cannot be immediately complet-
ed (205).

Sensitivity of bacteria to low temperatures varies wide-
ly and is based on population density, growth temperature,
cooling rate, and the temperature range over which cooling
occurs (113, 158). The effect of food components on the
degree of injury and survival of cold-stressed microorgan-
isms has not been studied in great detail. Preliminary work
has shown that water or low-nutrient diluents present more
stressful environments than do nutrient-rich broths or food
(113). The time required to reduce Salmonella by 90% in
water at 0 to 5°C was between 2 and 16 days, with popu-
lations in vacuum-packaged beef decreasing about 50% in
the same temperature range after 28 days of storage (95,
113, 137). However, Vibrio vulnificus decreased nearly 7
log in oyster homogenate after 24 h of storage at 4°C, due
to lethal cold stress, with no reduction seen in a salt-based
culture medium during the same time period (/47).

Freeze injury. Although injurious to bacteria, freezing
is generally recognized as an ineffective microbial inacti-
vation strategy. Freeze injury results from continued ex-
posure to concentrated solutes and physical damage caused
by ice crystal formation. Many constituents of food and
culture media are protective against freeze damage. These
cryoprotectants include glycerol, sodium glutamate, certain
sugars, peptides, and proteins (/73). Utilization of cryopro-
tectants in one study may have contributed to minimizing
the impact of freeze injury on Escherichia coli O157:H7
(179).

Osmotic stress. Osmotic stress that is associated with
freezing also occurs during freeze-drying, when microor-
ganisms are subjected to freezing, drying, storage, and re-
hydration stresses (//3). Rapid rehydration of foods and
freeze-dried cultures can cause osmotic injury (205). Os-
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TABLE 4. Sites of cellular injury after exposure to various forms of sublethal treatments (adapted from (138, 166, 173, 215))

Cell wall or

Sublethal treatment cell wall synthesis

Membrane
(cell leakage)

RNA (ribosomes) or
RNA synthesis

DNA or

Proteins DNA synthesis

S

Freezing

Drying

Freeze-drying

Heating

Gamma radiation
Change in oxygen potential
Osmotic shock
Starvation

High hydrostatic pressure
Pulsed white light

Salt shock
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motic stress can occur when shifts in external osmolarity
cause water to flow either into or out of the bacterial cell
and in extreme conditions leads to physical damage of the
cell. Less severe changes in osmolarity manifested by the
presence of NaCl or other salts or solutes affects the avail-
ability of free water to the cell (24). Water availability is
intimately linked to a,,. In food processing, microorganisms
respond to both “storage a,,’” and “‘treatment a,,” (/62).

Heat shock. In contrast to other bacterial stresses, heat
shock is perhaps the most studied and best understood. Heat
shock occurs when organisms are exposed to temperatures
above their normal growth range (26, 47, 116, 148). Tem-
peratures at which heat injury is induced may be lethal to
a fraction of the bacterial population, based on the growth
phase and heat sensitivity of the microorganism (/42).

When processing animal carcasses, hot acid sprays
may elevate the superficial temperature of the carcass, al-
tering the growth and resistance profile of indigenous flora
(30). Conditions within both preprocessing and processing
environs may cause heat shock or stimulate a heat shock
response in the target microorganism. Guidelines for the
use of acid washes to decontaminate animal carcasses in-
clude spray temperatures that vary from 20 to 60°C (56).
The heat shock response has been reported to occur at a
temperature as low as 42°C for E. coli O157:H7 (142),
46°C for Campylobacter jejuni (150), 48°C for Salmonella
Typhimurium (26, 116), and 45 to 48°C for Listeria mono-
cytogenes within a fermented beef—pork sausage homoge-
nate (47).

Thermal processes that include extended come-up
phases, such as low-temperature pasteurization of eggs,
slow roasting of certain meat products, or certain sous-vide
processes, might generate conditions that can induce sub-
lethal thermal injury to microorganisms (26, 118, 142,
148). The behavior of microorganisms in foods that are
heated gradually may mimic the response of microorgan-
isms to isothermal heat shock, resulting in a concomitant
genetic and physiological heat shock response (47, 117,
163). Likewise, microorganisms present in meat products
left on warming trays before receiving a final reheating
could also experience heat shock (47).

STRESS-INDUCED CELLULAR MODIFICATION
AND INJURY

Bacterial stresses induced via environmental and pro-
cessing conditions may result in decreased structural cell
function and/or protein denaturation (/09). Table 4 outlines
those cellular sites damaged by various sublethal treat-
ments.

Structural modification. Dead, injured, or otherwise-
robust cells likely differ in the degree of injury that may
be imposed on structural and functional components (/65).
Morphological changes in the cellular shape of Salmonella,
E. coli, Listeria, Pseudomonas, Aeromonas, and Lactoba-
cillus have been documented after sublethal injury (726,
127, 133). McMahon et al. (133) found that exponential-
phase Salmonella Virchow cells osmotically stressed in a
5% NaCl solution for 24 h were 54% filamentous and 30%
spherical, versus stationary-phase stressed populations that
were 16% filamentous and 79% spherical.

pH stress. Exposure to low-pH environs may remove
or sequester cations from key metabolic sites within a mi-
croorganism (61). Damage to RNA has been associated
with low pH, and could be due to removal of magnesium
(Mg2") (74, 160), which is integral to ribosomal integrity.
Acetic acid has been reported to interfere with the ribosome
and subsequent protein synthesis (74, 138). Shifts in pH
can also disrupt the proton motive force (173, 175) and alter
the protein profile of the outer membrane in gram-negative
cells, the cytoplasmic membrane in gram-positive cells, or
the protein coat of spores (61, 104). Low cytoplasmic pH
is also damaging to DNA (173, 218).

Starvation stress. Nutrient deprivation can lead to an
increase or decrease in bacterial exopolysaccharide levels
(39) and effect entry into the stationary phase of growth,
which is a period characterized by drastic changes in the
cell envelope, membrane composition, and DNA structure,
often due to the upregulation of global regulatory responses
(69, 173). Starvation actuates other physiological changes,
including decreased cell size, decreased membrane fluidity,
and increased protein turnover (/09). Microorganisms in
nutritionally deficient environments likely integrate cell
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density and starvation stress signals to effect cell surface
modifications and utilization of alternate energy sources
(99, 158). Transformations in cellular morphology and cell
surface components also enhance bacterial adherence and
may contribute to biofilm formation.

Membrane damage. Damage to and modification of
the cell membrane are associated with almost all forms of
physical stress (//4), including injury by chilling, freezing,
or heating (22). Damage to the outer membrane of gram-
negative cells leads to the release of lipopolysaccharides,
lipids, phospholipids, divalent cations necessary for lipo-
polysaccharide stability, and periplasmic enzymes that may
disrupt membrane permeability (22, 73, /68). Permeability
control is also lost at low temperatures because of decreased
membrane fluidity (63, //3), and alterations in permeability
have also been associated with chlorination (206) and al-
kalinity (777). Changes in permeability have led to the sug-
gestion that certain treatments, such as heating, freezing,
drying, and radiation, create small pores in the outer mem-
brane (//4). However, resuscitative repair of stress-induced
pores in the outer membrane does not necessarily facilitate
repair of the cytoplasmic membrane (73).

Protein and enzyme damage. While gram-positive or-
ganisms do not have an outer membrane, they do have a
surface protein layer outside the cell wall, both of which
are susceptible to injury. For example, freeze injury in Lac-
tobacillus bulgaricus has been shown to damage the protein
layer (114, 214), and Mg?* and p-alanine were lost from
cell wall teichoic acid polymers of Staphylococcus aureus
when heated in phosphate buffer (75).

Certain treatments, particularly heating, lead to the in-
activation of enzymes and disruption of the active transport
of cations, sugars, and amino acids (73). Dehydrogenases
are especially heat sensitive. Glycosylases and endonucle-
ases, enzymes involved in DNA repair, are heat labile at
mild temperatures of 40 to 50°C (7/53). When sublethally
heat injured, S. aureus has reduced catabolic capabilities,
and Salmonella Typhimurium exhibits a disruption in glu-
cose transport (27). Thermal treatment also can inactivate
catalase and superoxide dismutase in several microorgan-
isms, including L. monocytogenes and S. aureus, leading to
an increased susceptibility to H>O, and superoxide, and
subsequent generation of the hydroxyl radical (7, 34).

Ribosomal and RNA damage. VanBogelen and Neid-
hardt (204) theorized that ribosomes might function as sen-
sors of conditions or temperatures to elicit a heat or cold
shock response. Ribosome and ribosomal RNA (rRNA)
degradation are often manifested as heat-induced lesions
(55, 198). In thermally stressed cells of S. aureus, Salmo-
nella Typhimurium, and E. coli, the 30S ribosomal subunit
is damaged or destroyed during destruction of 16S rRNA
(73). However, destruction of the 30S subunit can be pre-
vented by supplementing the heating menstruum with Mg?*
as MgCl,. Loss of ribosomes also occurs during starvation,
particularly when conditions lead to intracellular Mg?* de-
pletion (/14). Since Mg?" is necessary for ribosomal integ-
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rity and inhibition of ribonuclease, ribosomal damage large-
ly appears to be a consequence of Mg+ loss (73).

DNA damage. While DNA damage has been observed
in heated, freeze-thawed, dried, and acid-treated cells, it
may be an indirect result of these treatments (774, 175).
For instance, DNA strand breakage during or after heat
treatment is likely due to the stimulation of endonuclease
activity (73, 175). Death in cold-shocked E. coli is asso-
ciated with the loss of Mg?*, which is required by DNA
ligase for DNA synthesis and repair (178).

Effect of stress on lag time. Stephens et al. (/9/) as-
sessed the growth of heat-injured Salmonella Typhimurium
in microtiter plates by monitoring turbidity, and then cal-
culated the lag times by using a model that extrapolated the
growth curve back to the initial inoculum level. While the
lag times for individual healthy cells were narrowly dis-
tributed, the lag times for injured cells ranged from <12 to
=20 h, with some lag times >30 h. Variable lag times were
also reported when L. monocytogenes was exposed to nine
stresses, including acid or alkaline conditions, cold, heat,
chlorine, and starvation (65). The type of stress applied to
L. monocytogenes affected the lag-time distribution, with
lag-time variability attributed to heterogeneity among in-
dividual cells. One hypothesis for lag time variability is that
lag time is determined by (i) the amount of work a cell
must do to return to a condition that allows replication and
(ii) the rate at which this work can be conducted (65, 171).
The heterogeneous nature of bacterial populations empha-
sizes the need for traditional and rapid methodologies to
include preenrichment and repair steps, particularly when
competing microfiora may preclude recovery of injured
cells.

STRESS RESPONSES AND REPAIR MECHANISMS

Bacterial response to thermal injury. Induction of
certain stress-inducible proteins is coincident with the de-
velopment of acquired resistance to heat (acquired ther-
motolerance) (116, 144) and other stresses (cross-protec-
tion) (13, 109, 208), and can therefore not be used to es-
tablish a direct cause-and-effect relationship (82, 87). How-
ever, heat shock and general stress responses may induce
changes that protect cells from the effects of heat and other
stress conditions (80). The phenomenon of one type of
stress-response imparting auxiliary protection to cells sub-
sequently stressed at higher levels (especially for heat) is
widely documented and may be referred to as *‘cross-pro-
tection.” Lou and Yousef (/09, /10) describe this as “‘stress
hardening” and suggested that a bacterium previously ex-
posed to sublethal stress is more likely to become adapted
or hardened on exposure to subsequent stresses.

Watson (208) reported that acquired thermotolerance
appears to be the most characteristic physiological response
microorganisms have to mild temperature shock. Novak et
al. (145) reported that vegetative cells of Clostridium per-

fringens incubated at 46°C for 60 min had significantly

higher Dgg.c-values than those cells that were incubated at
28°C. Exponential-phase cells of Vibrio parahaemolyticus
heat shocked at 42°C for 30 min had a D47.c-value of 3.33
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min and were significantly more heat resistant than were
non-heat-shocked cells having a Dj7.-value of 2.03 min
(211). Heat shocking E. coli O157:H7 at 42°C for 5 min
before thermal inactivation at 55°C also increased the D-
value more than twofold (741, 142). Juneja et al. (86) sub-
lethally heated samples of beef gravy and ground beef pre-
viously inoculated with a four-strain cocktail of E. coli
0157:H7 at 46°C for 15 to 30 min. The heat-shocked cells
were more thermotolerant than were unshocked cells, with
a 1.56- and 1.50-fold increase in the time to achieve a
10,000-fold reduction at 60°C in beef gravy and ground
beef, respectively. Similarly, after heat shock (30 min at
54°C) in comminuted turkey, an eight-strain cocktail of Sal-
monella exhibited an increased Dgyc-value (0.64 min)
when compared with an unshocked control (0.41 min)
(210). When treated at 62°C, cells of L. monocytogenes that
had been heat shocked in Trypticase soy broth (TSB) con-
taining 0.6% yeast extract (TSB-YE) at 45°C for 180 min
were sixfold more heat resistant than non-heat-shocked
cells were (149), and a heat shock in TSB-YE at 48°C for
10 min increased the Dss.c-value of L. monocytogenes more
than twofold (106). Mackey and Derrick (7//8) determined
that Salmonella Thompson inoculated in TSB, liquid whole
egg, and 10 or 40% reconstituted dried milk was more ther-
mal tolerant at 54 or 60°C if held at 48°C for 30 min before
treatment. The degree of thermal resistance and onset time
has been shown to increase commensurate to increasing
heat shock temperatures in Salmonella Typhimurium (/16).

The stress response of microorganisms in foods that
have been heated slowly is thought to be the same as the
response to an instantaneous heat shock. Evidence suggests
that the rate at which a product is heated should be included
when determining inactivation kinetics. Quintavalla and
Campanini (/63) found that L. monocytogenes was more
heat resistant at 60, 63, and 66°C when heated slowly
(0.5°C/min) in a pork emulsion than if heated virtually in-
stantaneously at these temperatures. Mackey and Derrick
(117) examined the heat resistance of Salmonella Typhi-
murium as affected by rising temperatures and concluded
that slowly increasing the temperature (2, 1, and 0.6°C/min)
from 20 up to 55°C, versus instantaneous heating at 55°C,
increased thermal resistance. The resistance of cells in-
creased as the heating rate decreased, with the greatest re-
sistance afforded by a heat shock at 48°C for 30 min prior
to inactivation heating. Stephens et al. (/89) reported a sim-
ilar increase in thermal resistance correlating to a reduction
in heating rate for L. monocytogenes.

Entering the viable but nonculturable state as a
means of protection. Any bacterial population in a pro-
cessed food matrix will contain a continuum of disparately
stressed cells that vary in their expression of stress response
factors and in their ability to undergo complete resuscita-
tion. Severely injured, yet metabolically active, cells of
foodborne pathogens such as Salmonella, E. coli, Shigella,
and Campylobacter that cannot be resuscitated under rou-
tine laboratory conditions can enter a viable-but-noncultur-
able state and maintain their pathogenicity (10, 154, 164,
192). Panutdaporn et al. (/5]) demonstrated that a resus-
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citation and promoting factor produced by the rRpf gene
cloned from Salmonella Typhimurium LT2 could transform
NaCl-injured Salmonella Oranienburg from the viable-but-
nonculturable to the culturable state. Genes responsible for
the expression of resuscitation and promoting factors have
been identified in various bacterial genera and may assist
in promoting the growth of Mycobacterium spp. after pro-
longed dormancy (67, 90, 95, 139). Under appropriate in-
trinsic (e.g., nutrients, a,,) and extrinsic (e.g., temperature,
relative humidity) conditions, many injured cells will repair
and regain the characteristics of normal cells at any point
from preharvest to consumption (28, 166), and exhibit in-
creased stress tolerance as a result of stress adaptation.
Their repair process is often reflected in delayed germina-
tion of spores, a prolonged lag phase for vegetative organ-
isms, and the inability to multiply until fully repaired (28).
After repair, resistance to selective agents and the ability to
proliferate in their presence is regained (23).

Assessment of repair. Repair times may be estimated
by measuring the time of the extended lag phase or by the
differential plating method, further explained below. Using
nonselective media, the estimated lag phase is the time re-
quired for the bacterium to recover from injury and begin
multiplication. The differential plating method uses a se-
lective medium containing a substance inhibitory to injured
microorganisms (e.g., due to membrane damage) and a non-
selective medium with no obvious inhibition of unstressed
cells. The nonselective or “reference’” medium enumerates
the entire population, and the selective medium only recov-
ers the healthy fraction. With differential plating, repair
time is the time necessary to regain resistance to the selec-
tive medium. The time needed for repair depends on the
bacterial species and strain, the type and severity of injury,
and the inhibitory nature of the selective medium (//74).

Measurements with differential plating media suggest
that, under optimal conditions, microorganisms injured by
exposure to acid, chilling, freezing, freeze-drying, gamma
radiation, or mild heating can become fully repaired within
4 to 5 h, with severe heat injury sometimes requiring much
longer repair times (//4). Repair of C. jejuni subjected to
heat shock in potassium phosphate buffer at 46°C for 45
min was complete within 4 h of incubation at 37°C, al-
though no repair occurred at 5°C (/50). Damage to E. coli
caused by sublethal acidification (sodium acetate buffer, pH
4.2, 60 min) was completely repaired after 1 to 2 h at 32°C
in TSB, with 95% repair reported after 120 min in potas-
sium phosphate buffer (pH 8.0) (760). Freeze- and alkali-
injured E. coli cells have also been shown to recover when
incubated in phosphate buffer (/43).

Repair times determined by estimating lag time do not
always agree with those obtained from differential plating.
Mackey and Derrick (/75) showed that gamma-irradiated
and desiccated Salmonella Typhimurium cells sometimes
recovered full resistance to the selective medium before the
lag phase was complete. In some instances, the required
time for individual heat-injured cells of Salmonella Typhi-
murium to regain tolerance to salt (up to 14 h) was longer
than the lag time (9 h). Mathew and Ryser (/24) reported
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growth of heat-injured L. monocytogenes within the first 2
h of incubation, although injury was not fully repaired as
assessed by the differential plating method. Meyer and
Donnelly (/35) also reported growth of heat-injured L.
monocytogenes before resistance to the selective medium
was fully regained, suggesting that the differential plating
method may provide a more accurate means to assess in-
jured-cell recovery.

Lag and repair times for injured bacteria reported in
the literature must consider cell-to-cell variability (includ-
ing growth phase) during stress exposure. These differences
lead to variations in injury within a population (/9/) and
repair time, as determined by differential plating or esti-
mation of lag phase, which can be biased due to bacterial
heterogeneity. In general, less severely injured cells repair
more quickly and have a shorter lag period than do more
severely injured cells. When cells with a shorter lag period
begin multiplying on nonselective and selective media, they
can overshadow the presence of cells requiring longer pe-
riods for resuscitation. Consequently, a single or average
repair time does not reflect the distribution within a popu-
lation, due to varying degrees of injury and may well be
an underestimation (//4, /15). This may help explain the
growth observed by Mackey and Derrick (/75), Meyer and
Donnelly (735), and Mathew and Ryser (724), before all
cells regained resistance to selective agents.

Repair mechanisms. Repair requires specific bio-
chemical events that will differ based on the type and de-
gree of stress. Metabolic processes that occur during repair
can include the synthesis of ATP, DNA, RNA, proteins, and
the reorganization of existing macromolecules, including li-
popolysaccharides in gram-negative bacteria and teichoic
acid in gram-positive bacteria (74, 167, 168). Bacteria also
accumulate intracellular compounds that protect macro-
molecules and membranes from damage. In E. coli, treha-
lose has been recognized as the primary protective osmo-
lyte, and trehalose biosynthesis is induced by osmotic
shock, extreme heat and cold, desiccation, and entry into
stationary phase (/67). Repair of the cell membrane
through lipid synthesis must occur relatively rapidly so that
cells can fully repair from stress-induced lesions (20). Nor-
mal cellular functions may be reestablished by the transient
synthesis of general or specific stress proteins (/09). Since
heat shock proteins (HSPs) were first identified in Dro-
sophila spp. in 1974, virtually every organism studied has
been shown to respond to a moderate temperature shock by
increased production of specific proteins (26, 47, 116, 185,
208). Bacterial responses to stress can be general or spe-
cific. In some instances, a component of a given stress re-
sponse may be part of both general and specific response
pathways (78).

Characteristics of stress-induced proteins include in-
creased production under conditions that repress the syn-
thesis of most other cellular proteins (/05), a functional role
in adaptation of the cell to growth- and survival-limiting
conditions (207), and the overall facilitation of recovery
from stress-induced damage (26). Stress-induced proteins,
including HSPs, in prokaryotes, eukaryotes, and archae-
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bacteria are among the most evolutionarily conserved (144,
185, 208).

Stress response proteins. The arbitrary classification
of stress proteins into categories such as specific or general
is often difficult because numerous factors may individually
be capable of inducing their expression (208). Many of the
same stress proteins in Bacillus subtilis, E. coli, Enterococ-
cus faecalis, and Lactococcus lactis are universally induced
after exposure to different stresses (58). Jenkins et al. (82)
studied starvation that was followed by heat and hydrogen
peroxide stress in E. coli and found that each stress pro-
duced its own distinct pattern of proteins. However, 11 heat
shock and six oxidative stress proteins were common to
starvation proteins, with three proteins common to all three
stresses. Volker et al. (207) determined that the proteins
induced by B. subtilis after heat stress were both general
stress and heat shock—specific proteins, indicating that the
heat shock and general stress responses are related. Some
genes associated with the general stress response have clear
functions for managing specific stresses, such as oxidative
and osmotic stress (2/8), while others play a role in general
protection under multiple stress conditions (78).

The general stress response mechanism. The general
stress response in most gram-negative bacteria, including
the enteric bacteria E. coli, Shigella flexneri, and Salmo-
nella Typhimurium, is regulated by RpoS, the alternative
sigma subunit of RNA polymerase (2). In E. coli, RpoS
controls the expression of more than 50 genes involved in
the general stress response (/07). RpoS can be induced by
several stresses, including nutrient starvation, osmotic
shock, high and low temperatures, pH stress, and oxidative
stress (2, 70, 173). Dodd and Aldsworth (42) demonstrated
induction of RpoS in Salmonella with changes in a,, pro-
duced by using various humectants and food preservatives.
Bacteria defective in the gene for RpoS are more sensitive
to different food processing conditions, including heat
shock, starvation, acid, and ethanol exposure (2, /169).

In L. monocytogenes, S. aureus, B. subtilis, and other
gram-positive bacteria, the alternative sigma subunit o®
regulates the general stress response, and oP controls the
expression of over 40 genes in B. subtilis (2). Like RpoS,
oB is induced by exposure to various environmental stress-
es, including ethanol, nutrient starvation, oxygen limitation,
low and high temperatures, high salt concentrations, and
hydrogen peroxide (2, 207). Disruption of o® in B. subtilis
can increase sensitivity to oxidative stress, while its disrup-
tion in L. monocytogenes reportedly decreases resistance to
acid and osmotic stress (2).

Heat shock response. Like the general stress response,
several specific stress responses are adaptive responses that
allow bacteria to survive and, in some cases, multiply under
stressful conditions (2, /68). The heat shock response and
associated HSPs are the responses most commonly reported
in the literature. Several HSPs act as molecular chaperones
or chaperonins. These chaperones help cells survive by re-
folding proteins or targeting for destruction those proteins
that have been improperly assembled or denatured (64, 86,
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105, 185). Some HSPs possess protease or peptidase activ-
ity for degrading irreparably denatured proteins (86, 105,
185, 218). HSPs may also play a role in DNA repair and
replication, cell division, modification of cellular morphol-
ogy (E. coli exhibits a transient tendency to elongate), and
the accumulation of osmolytes that may maintain or en-
hance protein stability (2, 146, 201).

The heat shock response is theorized to be responsible
for the synthesis of proteins that replace thermolabile com-
ponents of macromolecule-synthesizing systems, such as ri-
bosomes. Presence of an inducible rather than a constitutive
heat shock system in bacteria suggests its involvement as
a mediator during temperature shifts rather than during high
temperatures (/44). HSPs have been identified after several
other stresses, including starvation and anaerobiosis, as well
as exposure to ethanol, other organic solvents, oxidative
agents, and high salt concentrations (58, 82, 105, 173, 208).

Accumulation of damaged or denatured proteins after
environmental stress is also thought to trigger the synthesis
of numerous proteins involved in repair, including HSPs
(208). For example, numerous stress-inducible proteins and
genes are known to be upregulated in the cell following
thermal treatment. When Kobayashi et al. (97) thermally
treated Salmonella Enteritidis at 55°C for 15 min in citric
acid—disodium hydrogen phosphate buffer at pH 6.0, resus-
citation for 1 h in TSB upregulated the transcription of 19
heat-inducible genes (cIpB, clpX, degP, dnal, fkpA, fisJ,
gapA, hfiB, hslJ, hslU, hslV, hipG, htrA, lon, mopA, mopB,
mreB, rpoE, and ppiD) and 12 oxidative stress— and DNA
damage-inducible genes (ahpC, ahpF, fldB, fur, grxA,
dinF, katG, mutM, recA, soxR, trxC, and zwf), as well as
two proteins, FusA (elongation factor G, EF-G) and PykF
(pyruvate kinase), which increased in concentration by ca.
eight- and sixfold, respectively. The propensity of stress-
inducible mutations to occur in bacteria may work to pro-
mote the upregulation of survival proteins and genes. High-
ly pathogenic isolates of E. coli and Salmonella enterica
are known to undergo mutagenesis at higher-than-normal
frequencies compared with less virulent isolates, which
might increase their ability to survive when exposed to less-
than-optimal environmental and processing conditions
(100).

Cold shock response. Many bacteria respond to abrupt
decreases in temperature by transiently synthesizing a num-
ber of protective proteins (63). Although not studied in pro-
karyotes and eukaryotes to the same extent as HSPs, cold
shock proteins (CSPs) have been shown in Bacillus cereus
(129), B. subtilis (64, 108), E. coli (60, 853), L. lactis (213),
L. monocytogenes (14), V. vulnificus (132), Salmonella En-
teritidis (82), and Salmonella Typhimurium (32). Depend-
ing on the bacterial species and the extent of the low-tem-
perature stress, up to 50 different CSPs may be expressed
(16). It is hypothesized that CSPs play a critical role in
various cellular and physiological functions, including
DNA. recombination, transcription, translation, messenger
RNA and protein folding, sugar uptake, chemotaxis, and
general metabolic efficiency (63, 86, 212). Maintenance of
membrane fluidity at low temperatures is necessary for cold
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adaptation and involves at least one constitutively ex-
pressed enzyme that is active only at low temperatures (2).

Acid tolerance response. Exposure to low pH often
induces an acid shock response in bacteria. Salmonella Ty-
phimurium can withstand potentially lethal acid shock con-
ditions (pH << 4.0) it previously adapted to milder condi-
tions (17, 50). This acid adaptation, stemming from a grad-
ual decrease in pH to nonlethal levels (pH > 4.0), induces
the acid tolerance response (2, /2, 104). Acid shock re-
sponses have also been reported in L. monocytogenes, E.
coli, and Shigella flexneri (2), and can be induced by or-
ganic acids commonly used in the food industry (/46). The
more effective acid resistance systems for E. coli and §.
flexneri allow survival at pH 2.0 in the presence of gluta-
mate, while the acid tolerance system for Salmonella Ty-
phimurium is functional at pH 3.0 (2, 7/, 52). During acid
adaptation and shock, Salmonella Typhimurium induces the
expression of at least 60 acid shock proteins in the expo-
nential phase and 48 acid shock proteins in the stationary
phase, with five interlapping proteins as determined by pro-
teomic analysis (/7). These proteins, which are under the
control of multiple, overlapping regulatory systems, protect
the cell against acid and perhaps other environmental stress-
s

Oxidative response. The oxidative response typically
involves proteins that prevent (e.g., catalase and superoxide
dismutase) and repair (e.g., exonucleases and glycosylases)
oxidative damage (49). Starvation proteins also have been
produced independent of the nutrient for which a cell is
starved. Some of these proteins are unique to starvation,
while others are common to other stresses (69, 82, /28,
207). Starvation and stationary-phase proteins are likely re-
sponsible for maintaining long-term survival and enhancing
general cellular resistance by stabilizing ribosomes against
degradation (/98), influencing morphological transforma-
tions into spherical conformations (59), and improving met-
abolic potential by utilizing alternative growth substrates
(125).

STRESS-INDUCED CROSS-PROTECTION

Definition of stress-induced cross-protection. Sykes
(195) attributed bacterial survival in adverse environments
to either (i) sublethal treatments that were insufficient to
cause death or (ii) an innate means of protection from de-
structive conditions or treatments. It was inferred from the
latter hypothesis that bacterial cells could adapt or acquire
resistance to different conditions by modifying metabolic
activities, adjusting nutrient utilization, or by using en-
zymes that were previously present in a recessive role. Al-
though the exact mode of action is not fully understood, a
role in stress protection has been proposed for stress pro-
teins, especially HSPs and starvation proteins (2, 68, 69,
148). The long-term survival of E. coli is dependent on the
synthesis of starvation proteins (/25). Givskov et al. (59)
concluded that protein synthesis induced by starvation was
necessary for Pseudomonas putida to develop a general
stress-resistant state. Jenkins et al. (82) correlated the in-
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TABLE 5. Treatments known to enhance thermotolerance of microorganisms
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Microorganism

Escherichia coli O157:H7

Nonpathogenic E. coli

Salmonella Typhimurium
7

Acid adaptation (pH 5.8) in medium E at 37°C
Adaptation in tryptose phosphate broth (pH 12.0) at 37°C for 45

Listeria monocytogenes
min

Exposure to 4-8% (vol/vol) ethanol at 35°C for 1 h
Starvation in 0.1 M phosphate buffer (pH 7.0) at 30°C for up to

163 h

Exposure to 500 ppm of H,O, at 35°C for 1 h
Acid adaptation in TSB-YE (pH 4.5) at 35°C for | h
Acid shock (pH 4.0) in TSB-YE at room temp for 1 h

Starvation at 30°C by exhaustion of carbon, nitrogen, phosphate

Pseudomonas putida
or sulfate

Stress treatment

Starvation in distilled water for 24 h at 37°C

Starvation in 0.85% NaCl (pH 6.6) for 48 h at 37°C

Acid adaptation (pH 4.8-4.9) in TSB for 18 h at 37°C
Starvation in 0.85% NaCl (pH 6.6) for 48 h at 37°C

Acid adaptation (pH 4.8-4.9) in TSB for 18 h at 37°C

Glucose starvation in M9 minimal media for 4 h at 29°C
Starvation in a minimal medium with 0.02% glucose for 10 h at

Heat challenge Reference

56°C for up to 90 min /74

56°C for 50 min 102
56°C for 50 min 102
56°C for 50 min 102
56°C for 50 min 102
S7C 82
5276 198

50°C for up to 60 min 104

56°C or 59°C 196
S56°C 109
56°C 109
56°C 109
56°C 109
S8C 48
47°C 59

duction of starvation proteins with protection of E. coli
against heat and H,0,.

Stresses inducing cross-protection. Thermotolerance
can be induced by stresses other than heat. Table 5 sum-
marizes the treatments known to induce heat tolerance in
various microorganisms. Many sublethal treatments can af-
ford cross-protection against stresses other than heat. Jen-
kins et al. (82) reported that starvation or adaptive treat-
ments with heat, H,O,, or ethanol protects E. coli against
further oxidative (H,O,) challenges. According to Zook et
al. (224), treatment with a commercial 0.1% peroxyacetic
acid sanitizer also increased the oxidative tolerance of E.
coli O157:H7. Starvation of P. putida resulted in enhanced
resistance to ethanol, heat shock, and osmolarity (59), and
heat stress has been reported to enhance the survival of
Pseudomonas aeruginosa to the antibiotic biapenem (24).
Bang and Drake (/3) observed that starvation increased
freeze—thaw resistance of V. vulnificus, while Leenanon and
Drake (/02) observed an increase in freeze-thaw resistance
of E. coli O157:H7 after both starvation and acid adapta-
tion. According to Bollman et al. (27), cold shocking E.
coli O157:H7 in milk, whole egg, or sausage, but not beef
or pork, enhanced survival during frozen storage. Adapta-
tion of Salmonella Typhimurium to pH 5.8 reportedly in-
creases tolerance to osmotic (salt) stress, crystal violet, and
the lactoperoxidase system (/04). Lou and Yousef (//0)
found that adaptation of L. monocytogenes to 5% (vol/vol)
ethanol significantly increased resistance to lethal doses of
acid, ethanol, and NaCl. Similarly, adaptation to acid (pH
4.5 to 5.0), ethanol, 500 ppm of H,0,, 7% (wt/vol) NaCl,
and heat (1 h at 45°C) increased resistance to H,O,. Ex-
posure of L. monocytogenes to low pH (4.5) has also been
shown to provide cross-protection against high hydrostatic
pressure and freezing (209).

The response to a given stress differs among bacterial

species. While Lou and Yousef (//0) showed that both acid
and ethanol adaptation increased the resistance of L. mono-
cyvtogenes to lethal doses of acid, adaptation of Salmonella
Typhimurium to stresses other than acid did not protect
against lethal acid treatment (/07). Mazzotta (/30) deter-
mined that while acid adaptation at pH 5.0 for 18 to 24 h
increased heat resistance at 56, 58, and 60°C for L. mono-
cytogenes and E. coli O157:H7 as well as two Salmonella
composites (Gaminara, Rubislaw, and Hartford, and Sal-
monella Typhimurium and Enteritidis) in apple, orange, and
white grape juices adjusted to pH 3.9, the increase in heat
resistance was greater for L. monocytogenes and E. coli
O157:H7 than it was for Salmonella. Furthermore, it has
been suggested that gram-negative bacteria are in general
more sensitive to cold shock, chilling, and freezing but are
more resistant to weak acid preservatives than are gram-
positive bacteria (16).

The effect of adaptive pretreatments can also vary be-
tween different bacterial species and strains. Campylobacter
Jfetus has been shown to be more pressure sensitive than C.
Jejuni, Campylobacter coli, and Campylobacter lari (122).
Cheng et al. (3/) found that acid adaptation at pH 5.0 for
4 h increased the thermal tolerance of two of three strains
of E. coli O157:H7 at 52°C. Similarly, starvation was
shown to increase the heat resistance of only two of three
E. coli O157:H7 strains (/74). In addition, Sharma et al.
(180) observed that two different acid-adapted serotypes of
Salmonella responded differently to heating in cantaloupe
Juice. While acid-adapted cells of Salmonella Saphra
(97A3312) exhibited a significantly greater Dss.c-value
than did unadapted cells, acid-adapted Salmonella Poona
(01A3907) did not show an increased resistance over its
unadapted counterpart. These observed differences for spe-
cies and strains may be due to inherent degrees of heat or
other stress resistance.
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The magnitude and nature of a protective stress re-
sponse also varies with the treatment. Volker et al. (207)
found that exposing B. subtilis to low salt concentrations
was less effective than was exposure to heat shock at in-
ducing thermotolerance. Jenkins et al. (82) reported that the
oxidative and thermal resistance of nutrient-starved E. coli
cells was greater than it was for heat-adapted cells, while
resistance to H,O, and heat increased proportionally with
the length of starvation. Lou and Yousef (/09) also reported
that the level of thermotolerance in L. monocytogenes in-
creased proportionately to the severity of each inactivation
treatment, including duration of starvation, reduced pH lev-
els, and concentration of ethanol or H,0,. Acid shock—in-
duced thermotolerance is also dependent on the type of acid
to which a bacterium is exposed. Farber and Pagotto (48)
observed that, while hydrochloric acid was effective at in-
ducing thermotolerance in L. monocytogenes, acetic and
lactic acids were not. While cells of L. monocytogenes in-
cubated at pH 12.0 for 45 min were significantly more heat
resistant at 56°C than were those incubated at pH 7.3, cells
incubated at pH 9.0, 10.0, or 11.0 did not exhibit this en-
hanced thermotolerance, although the strength of the agent
used to adjust the pH had an effect on thermotolerance
(196).

BACTERIAL STRESS AND VIRULENCE

The presence of injured microorganisms in food poses
significant public health concerns. Injured cells may ini-
tially go undetected during routine quality control checks
and at critical control points during manufacturing. How-
ever, subsequent cellular repair in the food may allow for
growth and the ensuing results, including spoilage and the
production of toxins and other virulence factors (83). As an
example, three virulence factors of E. coli O157:H7, ver-
otoxins 1 and 2, and the attaching and effacing gene, eae,
were retained after starvation and heat stress (174). Ac-
cording to Singh and McFeters (/81), virulence of Yersinia
enterocolitica in orally inoculated mice also was unaffected
by chlorine stress. A bacterium’s pathogenicity or virulence
may be considered the end result of its ability to repair
injury (41). Mekalanos (134) defines virulence determi-
nants as those factors contributing to infection and disease,
but not to general “housekeeping” functions. A clear line
of distinction is not always seen between the two, but vir-
ulence genes, to some extent, are part of an adaptive re-
sponse to stresses encountered in a host (78). Many of the
stresses that are intrinsically part of a host’s defense system
are similar to those encountered in the natural environment
(Fig. 1). Pathogenic microorganisms may see exposure to
stress in both natural environments and food processing fa-
cilities as a signal for the expression of virulence factors
(110). A strain of Salmonella Enteritidis possessing en-
hanced acid and heat tolerance was shown to be more vir-
ulent for mice and more invasive for chickens than was a
nonresistant reference strain (71).

Expression of many virulence factors depends on en-
vironmental cues (96, /34). Several environmental condi-
tions have been identified that induce expression of Spv
(Salmonella plasmid virulence) proteins, including glucose
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FIGURE 1. Environmental stresses imposed on bacterial patho-
gens by host defense mechanisms (53).

starvation, low pH, elevated temperature, and iron limita-
tion (35, 53, 203). The spv genes in several serovars of
Salmonella (e.g., Typhimurium, Dublin, and Enteritidis) are
thought to facilitate rapid multiplication in host cells, sys-
temic spread, and infection of extraintestinal tissues (35).
An invasion gene in Salmonella Typhimurium, invA, is re-
portedly induced by high osmolarity (8, /34) and expres-
sion of listeriolysin, a major virulence factor in L. mono-
cytogenes, by heat shock, oxidative stress, and transition to
the stationary phase (37, 134, 147, 186, 187). Production
of thermostable direct hemolysin, a major virulence factor
of V. parahaemolyticus, is enhanced by heat shock at 42°C
(211).

Temperature-regulated virulence factors have been
identified in enteroinvasive E. coli (19), S. flexneri (44, 128,
134), L. monocytogenes (54, 103, 128), Y. enterocolitica
(182), and heat shock has been linked to virulence in L.
monocytogenes (8, 134), Salmonella Typhimurium (8, 53),
and Shigella spp. (194). As pathogens traverse from the
natural environment, through contaminated food, water, or
insect vectors into mammalian hosts, a sudden increase in
body temperature triggers strong heat shock-like responses
that intensify when host defense mechanisms (including fe-
ver) are encountered (/05).

The intracellular pathogen Y. enterocolitica undergoes
a global stress response to the hostile environment encoun-
tered in host macrophages, including the induction of heat
shock proteins (216). Salmonella Typhimurium also ex-
presses several stress proteins in the host macrophage, in-
cluding HSPs (3, 25, 53, 176). To a certain extent, HSP
synthesis appears to protect pathogens from host defense
mechanisms, and HSPs themselves may be considered
ubiquitous evasion factors of pathogens (9/). Heat shock
proteins are often dominant antigens of the host immune
response, perhaps because of their wide distribution and
homology among different species (25, 105, 225). Host
cells can also synthesize HSPs, and an extended assault on
the immune system with HSP antigens that are similar in
the host and infecting pathogens may promote autoimmune
disease (91, 225).

Acid tolerance is thought to enhance virulence in one
or both of the following ways: (i) resistance to strong acid
conditions facilitates survival in the stomach, thereby de-
creasing the requisite infective dose (2719, 220, 221), and
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(ii) resistance to moderately acidic conditions improves
pathogen survival in acidic foods dependent on low pH for
microbial inactivation (/02). Acid tolerance of E. coli
O157:H7 likely contributes to its low infective dose. Acid-
sensitive strains of Salmonella Typhimurium exhibit re-
duced virulence (50), whereas acid-tolerant mutants of L.
monocytogenes exhibit increased virulence in the mouse
model (/46). Disruption of the RpoS system in Salmonella,
which is involved in acid and general stress tolerance, may
offer insight into the relationship between stress and viru-
lence. rpoS null mutants are attenuated for mice after both
oral and intraperitoneal infection (/76). For many patho-
gens, acid tolerance seems to enhance survival in the host
macrophage (8, 54).

Due to limited oxygen availability in the small intes-
tine, anaerobic stress is hypothesized to enhance virulence
of pathogens invading the gastrointestinal tract (89). An-
aerobiosis can reportedly increase the invasiveness of Sal-
monella Typhimurium as confirmed by the restricted inva-
sion of aerobically grown cells (53, 134). Exposure of Sal-
monella Typhi to anaerobic conditions also enhances viru-
lence (89). Osmotic stress may prepare microorganisms for
survival within a host, as the expression of some virulence
factors may be enhanced in the osmolarity range of host
tissues. Osmoregulation of virulence has been noted for
several microorganisms, including Salmonella Typhimu-
rium, S. flexneri, and Vibrio cholerae (134, 183).

The preceding examples indicate that alterations in cel-
lular physiology, including stress protein synthesis in re-
sponse to environmental stresses, may strongly impact vir-
ulence. An extension of this is the purported role of alter-
native sigma factors (e.g., o) in the regulation of virulence
factors (92, 93). A bacterium’s ability to successfully han-
dle environmental stress partially defines its virulence, since
the response to such stress often includes the expression
and control of various virulence factors (8). These conse-
quences led Archer (8) to question whether a “reduction in
preservation might not in fact lead to a reduction in the
immediate virulence of certain pathogens, and, additionally,
to a lowering of the rate of emergence of new or better
host-adapted pathogens.”

THE ROLE OF REACTIVE OXYGEN
INTERMEDIATES IN BACTERIAL INJURY AND
STRESS RESPONSE

The significance of reactive oxygen intermediates in
bacterial injury. The role of reactive oxygen intermediates
in bacterial injury and stress response is becoming more
apparent. Radical chemical species may injure cells by ox-
idation of membranes, periplasmic targets, enzymes, pro-
teins, DNA, and iron-sulfur clusters. Other non-radical re-
active oxygen species (ROS), including singlet oxygen,
ozone, lipid peroxides, and hypochlorous acid, may also
injure cells (202). The efficacy of antimicrobial processing
interventions such as UV light, gamma radiation, nonther-
mal plasma treatment, and thermal processing, along with
desiccation, freezing, and the application of hypochlorous
acid and other antimicrobials is intertwined with the gen-
eration of reactive oxygen and reactive chemical species.
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Effective recovery and detection of injured bacteria in food
matrices has much to do with overcoming the effects of
ROS that are lethal to cellular components and metabolic
processes. In fact, compounds are frequently added to bac-
terial recovery media to overcome the toxic effects of ROS
(e.g., sodium pyruvate, 3'3’-thiodiopropionic acid, catalase,
superoxide dismutase, and Oxyrase) (7, 9, 29, 34, 62, 119,
120, 121, 123, 190). Further, in order for a foodborne path-
ogen to present illness in a host, the organism must be able
to withstand the cascade of ROS that it will encounter not
only in the food matrix, but also within the host’s gastro-
intestinal tract and eukaryotic cells.

Nitric oxide and Fenton reaction-mediated hydrox-
yl radicals. Nitric oxide is one example of a ROS that
bacteria frequently encounter. Nitric oxide can be converted
to lethal peroxynitrite on reaction with the superoxide anion
as by-products of respiration or during the invasion of eu-
karyotic host cells. Superoxide is not known to oxidize
DNA and therefore has limited bactericidal activity; how-
ever, it is implicated in the generation of a more lethal ROS
via Fenton reaction—mediated iron-superoxide toxicity
(199) illustrated in the reaction: Fe?* + H,0, — Fe3* +
HO" + HO~. When bacteria enter a host macrophage, a
respiratory burst of superoxide occurs, generating hydrogen
peroxide. In the presence of free iron via the Fenton reac-
tion, H,O; is catalyzed into the short-lived hydroxyl radi-
cal, the most reactive of the oxygen species, which can
oxidize any cellular macromolecule to which it attaches
(199).

Protections against ROS damage. E. coli is known
to protect against ROS damage by the expression of at least
112 genes, on exposure to paraquat-generated superoxide
(155), and by the expression of at least 140 genes in the
presence of hydrogen peroxide (223). The fur regulatory
protein in E. coli controls numerous genetic responses, in-
cluding regulation of cytoplasmic iron, while the RecA pro-
tein facilitates maintenance and repair of damaged DNA.
Although iron is indispensable to cellular metabolism, ex-
cesses of free iron within the bacterial cell lead to increases
in ROS and bacterial injury. The deleterious effects of free
iron have been demonstrated in studies using Afur mutants
of E. coeli that are unable to downregulate intracellular lev-
els of iron, resulting in oxidative DNA damage (200).
When actively growing cultures of E. coli were transferred
from anaerobic to aerobic incubation, Afur mutants as well
as ArecA mutants continued multiplying, while bacteria
lacking both the Afur and ArecA genes experienced a >2.5-
log reduction in population within 3 h, punctuating the im-
portance of both genes in resuscitation from oxidative dam-
age. Research has shown that chelation of excess iron by
compounds such as ferrozine can prevent cellular injury
that would normally be sustained by exposure of up to 2.5
mM H,0, for 3 min (38, 78, 79, 152). Furthermore, bac-
teria can allay oxidative injury by overproduction of a fer-
ritin-like iron scavenger by Dps protein induction when ex-
posed to H,0, (77). Bacterial survival genes must therefore
maintain iron homeostasis to promote metabolic activities,
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yet simultaneously prevent an overabundance of free iron
that will lead to oxidative damage.

Intervention strategies utilizing ROS. Many micro-
bial reduction strategies used in the food industry may be
bacteriostatic or bactericidal to foodborne pathogens, due
to the promotion of intra- or extracellular ROS. Induction
of RpoS (alternate sigma factor) in Salmonella typically
coincides with entrance into the stationary phase and a con-
comitant drop in oxidation-reduction potential. Komitopou-
lou et al. (98), however, reported an irreversible downreg-
ulation of RpoS expression in Salmonella Typhimurium
that was grown under high oxygen tension, resulting in sig-
nificantly more heat-sensitive cells than those incubated un-
der ambient atmospheric conditions. Conversely, artificially
lowering the oxidation-reduction potential of the Salmo-
nella growth medium resulted in premature enftry into sta-
tionary phase, induction of RpoS, and bacterial resistance.
Designing food processes that maintain elevated oxygen
tension might inhibit RpoS induction, thereby sensitizing
contaminating Enterobacteriaceae to thermal, chemical,
electrical, physical, desiccation, gastrointestinal, or other
stresses to which bacteria would otherwise be more resis-
tant. While more effective microbial reduction strategies
may be possible if microbial genetic responses are consid-
ered, this approach is complicated by variations within bac-
terial genera. As an example of variation within the family
Enterobacteriaceae, more than 2,500 serovars have been
identified within the genus Salmonella, including 50 phage
types of S. enterica serovar Enteritidis alone (72, 156, 157).

The bactericidal activity of sodium hypochlorite or
NaOCl (e.g., household bleach—one of the most widely
used disinfectants in food processing) is attributed to the
release of hypochlorous acid (HOCI) in the following re-
action: NaOCl + H,0 «» NaOH + HOCI. The antibacterial
activity of NaOCl is closely related to the action of reactive
oxygen intermediates, possibly due to HOCI inactivation of
antioxidants such as superoxide dismutase, catalase, and
peroxidase in vivo and in vitro (9, 29, 123). Other indica-
tions that ROS plays a role in the antibacterial activity of
HOCI include increased recovery of HOCl-injured cells un-
der anaerobiosis versus an increase in HOCI toxicity on
exposure to oxygen (46), expression of the ROS-defense
regulon soxRS after HOCI injury in E. coli (46), and the
increased production of Fenton reaction—mediated hydroxyl
radicals by iron on exposure to HOCI (/72). Maalej et al.
(112) demonstrated that prior exposure to HOCI resulted in
upregulation of the perR regulon and subsequent resistance
to superoxide in S. aureus.

Oxygen tension and reactive oxygen intermediates
have also been implicated in injury or death when bacterial
cells are exposed to desiccation, freezing, and thermal
stress, whereas antioxidants will promote resuscitation of
cells injured under these conditions (/8, 62, 112, 119, 120,
131). Dodd et al. (43) reviewed the literature pertaining to
the suicide response theory and its relationship to oxygen
tension and ROS. This theory maintains that when patho-
gens experience stress, bacterial multiplication ceases; how-
ever, aerobic cellular metabolism and the uncoupling of en-
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ergy persist, releasing a lethal burst of free radicals within
the cytoplasm. This helps explain why metabolically active
Salmonella and E. coli in the logarithmic phase of growth
are more susceptible to stress than are cells in the stationary
phase, which exhibit diminished metabolic activity and an
expressed rpoS. These claims are bolstered by a study em-
ploying electron spin resonance spectroscopy, which dem-
onstrated that after ethanol injury, respiratory bacteria, un-
like strictly anaerobic microorganisms, produced a cellular
burst of ROS (4). While induction of RpoS partially ex-
plains the resistance of stationary phase cells to inimical
processes, Dodd et al. (43) suggest that recalcitrance to
stress under some conditions is a physiological rather than
an RpoS-regulated genetic response. This was demonstrated
in studies where Enterobacteriaceae, which were exposed
to decreased levels of dissolved oxygen, were summarily
resistant to injurious conditions, whereas RpoS induction
did not occur for at least 2 h more (5, 6, 45). These findings
support the suggestion that higher oxygen tension foods can
potentially sensitize bacteria to hurdle technology in the
form of lethal processing or environmental conditions. Ad-
ditionally, this understanding of the genetic basis for bac-
tericidal or bacteriostatic effects of a controlled-oxygen en-
vironment may have important implications when design-
ing active and modified atmosphere packaging systems.

Resuscitation of ROS-injured bacteria. Selection of
appropriate microbiological enrichment and resuscitation
media is critical to the laboratory detection and recovery
of injured cells. The suitability of media for recovery of
injured cells is also related to the presence of reactive ox-
ygen intermediates in recovery agars or broths, which are
known to contain up to 10 pM of H,0, generated by the
oxidation of sugars during high-temperature sterilization
(80). Stephens et al. (/90) reported that when 12 different
peptones were compared for cellular resuscitation, up to 3.5
log CFU/ml more heat-injured salmonellae were recovered
by a most-probable-number method for the best versus the
worst formulations. In fact, whereas one peptone resulted
in ca. 4-log CFU/ml reduction in Salmonella after thermal
stress, almost no reduction was detected when the best per-
forming peptone was supplemented with 2% Oxyrase, a
commercially available oxygen tension reducer. The study
also found that ROS and reduced bacterial resuscitation oc-
curred commensurate with increasing concentrations of re-
ducing sugars and riboflavin, due to auto-oxidation of sug-
ars during thermal sterilization and photosensitization of ri-
boflavin. The authors recommended that in order to maxi-
mize the benefits of protective reducing compounds in
recovery media, these recovery supplements in all likeli-
hood should be added during media preparation and early
storage, when most toxic components are generated.

CONCLUDING REMARKS

The microbial response to stress is not “all or none”
with exposure to adverse environmental conditions (e.g.,
heat, cold, acid, alkali, starvation, and/or osmotic stress)
inducing various degrees of injury depending on the phys-
iological state of individual cells within the population. The
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percentage of “healthy” and “injured” cells in such a pop-
ulation has been historically based on the organisms’ ability
to form visible colonies on selective versus nonselective
media, with the outcome largely dictated by media com-
position and incubation temperature. Bacteria typically re-
spond to stress by altering their cellular morphology, mem-
brane composition, cellular metabolism, and degree of vir-
ulence. Such “stress-hardened™ organisms produce a range
of stress proteins that frequently afford cross-protection
against other stresses. The presence of injured cells in a
food can pose major public health concerns, since many
bacterial pathogens can become more resistant to cooking
and other commonly used microbial reduction strategies as
a result of sublethal injury. Subsequent repair of injured
cells in a food and restoration of virulence if previously
lost requires a complex series of biochemical events that
will differ based on the food product as well as the type
and degree of injury. However, many injured pathogens ei-
ther retain or exhibit enhanced virulence in foods, thus
making their detection crucial to safeguard the food supply.
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